A long-term poultry manure fertilizer study was initiated in 1998 and continued until 2009 under cornsoybean (CS) rotation. To match changing landscape trends, the plots were switched to continuous corn (CC) from 2010 to 2017. In both CS and CC phases, poultry manure (PM) was applied at the crop rotation recommended agronomic N rate and either half (CC phase) or double (CS phase) the recommended rate. Urea-ammonium nitrate (UAN) was applied to comparison plots at the crop recommended application rate (168 kg N ha−1 and 224 kg N ha−1 for the CS and CC phases, respectively) throughout the study. The objectives of this study include evaluation of the economic benefits of long-term PM application at various rates (PM2, PM, and PM0.5), and the impact of poultry manure application on soil health and nutrient levels, crop yield, and drainage water quality. Lower NO3-N concentrations were reported in drainage from PM treated plots when compared to UAN fertilizer applied at the same agronomic rate. Of the parameters tested for soil health analysis after twenty years of repeat application, particulate organic matter (POM) present was significantly greater in the PM treated soils (6.1-6.7 g kg soil−1) when compared to UAN plots (4.6 g kg soil−1), showing potential for stabilized soil particles, increased infiltration and water-holding capacity. The results show a consistent positive impact of manure application on corn and soybean yields when compared to yields observed in UAN treated plots. During the CS phase, we estimated the same average revenue per dollar spent for PM and UAN treatments, while the average return rate for PM2 was 1% lower; during CC phase,15% increased return rates were observed when PM0.5 and PM were compared against the UAN treatment. When managed properly, PM application to cropland is a sustainable option for diversifying agroecosystems, improving soil health and improving farm economics.
Introduction
Over fifty percent of the egg producing facilities in the United States, and the majority of egg production, are located in the Corn Belt states of Iowa (15.95 billion eggs), Indiana (9.58 billion eggs), and Ohio (8.90 billion eggs). Pennsylvania, just east of the Corn Belt, is the fourth largest producing state, producing 8.21 billion eggs in 2017 (USDA-National Agricultural Statistics Service (NASS), 2018). Egg production in the United States has shown steady increases in total eggs produced over the years, with a total 10-year gain of 17% from 2008 to 2017 (USDA-National Agricultural Statistics Service (NASS), 2018). Increases in egg production have also led to an increase in poultry manure: assuming layers produce 0.088 kg total manure/day-animal (ASAEAmerican Society of Agricultural Engineers, 2005) , and using the total number of layers on hand (USDA-National Agricultural Statistics Service (NASS), 2018), we estimate 11.98 million Mg of fresh layer manure was produced in 2017. As production increases, sustainable and economical approaches for managing poultry manure are needed.
Poultry manure has traditionally been treated as a waste product and applied to surrounding crop and pasturelands to recycle nutrients, primarily nitrogen (N), phosphorus (P), and potash (K) (Lorimor and Xin, 1999) . Poultry manure is often applied to meet the crop N requirement, resulting in excessive P application. While the agronomic benefits are well established, the environmental aspects of poultry manure management have primarily focused on water quality (Harmel et al., 2009; Vervoort et al., 1998) . A more comprehensive assessment of poultry manure usage in agro-ecosystems considers crop yield, soil health, and water quality, as well as the economic impact of integrating https://doi.org/10. 1016 /j.jenvman.2019 .109582 Received 19 September 2018  Received in revised form 15 May 2019; Accepted 14 September 2019 poultry manure into cropping systems. Economic factors are of paramount importance as they are a primary, if not the leading factor driving farm-scale decision-making.
A recent, comprehensive review of 90 studies examined the effect of poultry manure on crop yield, when compared to inorganic fertilizer application. Overall, results depend on soil types, tillage, method of application, and cropping system (Lin et al., 2018) . In general, poultry manure has significant, positive yield increases under strip-till or no-till practices; higher yields were observed from cotton, corn, soybean, and peanut crops amended with poultry manure; and yield benefits were more pronounced with repeated applications. We also previously reported statistically greater soybean yield from field plots in CS rotation amended with PM when compared to UAN fertilizer at the same application rate (Nguyen et al., 2013) .
Reported increased productivity from poultry manure amended soils likely indicates that repeated application to cropland has potential to improve soil health characteristics such as soil organic matter and soil fertility (Lin et al., 2018) . Crop N needs are met by soil N as well as fertilizer inputs. By building soil organic matter and mineralizable soil N, crop production is less dependent on N additions (Spargo et al., 2011) , resulting in more sustainable agroecosystems. However, studies of manure application to cropland have not always resulted in improved soil health indicators (Clark et al., 2017) , partially because of difficulties in assessing soil health in short-term studies due to the complex and dynamic nature of soil N and organic matter. Soil health characteristic measurements typically include bulk density, total soil carbon (C) and nitrogen (N), particulate organic matter (POM) content, POM C and N, and aggregate size distribution, but can also include soil biological activity and potentially mineralizable N. Early work by Wander et al. (1994) reported improved active organic matter in an animal-based rotation which included poultry manure, and another study recently reported that poultry manure application prior to raspberry planting improved soil bulk density and aggregation relative to control and cover crop treatments (Forge et al., 2016) .
Poultry manure application to pasture and cropland has long been documented as a contributing source of non-point source (NPS) pollutants N and P to downstream waters through surface pathways (Heathman et al., 1995; Soupir et al., 2006) . In the Upper Midwestern U.S. subsurface drainage systems are widely implemented, and the risk of NO 3 -N leaching to tile drainage systems is high. Studies have revealed NO 3 -N concentrations from agricultural land through drainage systems in the range of 10 mg L −1 to 70 mg L −1 (de Vos et al., 2000; Hansen and Djurhuus, 1996; Kladivko et al., 2004) . However, the reported impact of poultry manure application on subsurface water quality is varied. Researchers in Oklahoma reported increased transport of NO 3 -N, but no differences in P, to interflow from poultry manure amended plots (Heathman et al., 1995) . Studies from Iowa previously reported no significant differences in N or P losses to drainage from poultry amended to cropland when compared to UAN control (Hoover et al., 2015; Nguyen et al., 2013) . In the Upper Midwestern U.S., NO 3 -N primarily enters waters through subsurface leaching while the majority of P export is thought to be associated with surface runoff and sediment; although recent studies have also documented subsurface transport of phosphorus to surface waters (Tomer et al., 2010) . Bundy and Andraski (2005) reported that about half of the nitrogen applied to soil is subject to leaching into groundwater, while a review by Christianson et al. (2016) reported less than 2% of applied P is lost to drainage.
The goal of this study is to provide a long-term assessment of the environmental and economic impact of poultry manure application in tile drained agricultural systems of the Upper Midwestern U.S. This study covers a 20 year period, which provides for a comprehensive assessment of the environmental response to poultry manure application over a range of climatic conditions, and ability to detect changes in parameters with longer response time, such as soil characteristics. Specific objectives were to compare the impact of commercial fertilizer (UAN) and poultry manure (PM) applied to corn-soybean and corn-corn cropping systems on soil quality, crop yield, water quality, and production cost of corn and soybeans. This long-term study provides a holistic assessment of the impact of poultry manure on agroecosystems, and provides guidance for promoting a sustainable poultry industry. Information is useful for farm-level decision makers as well as watershed coordinators working to implement nutrient reduction strategies.
Materials and Methods

Study phases
The long-term poultry manure fertilizer study was initiated in 1998 with a corn-soybean (CS) rotation at each plot until 2009. To adapt to changing landscape trends, the study design was switched to continuous corn (CC) from 2010 to 2017. In both CS and CC phases, poultry manure was applied at two different application rates, while only one application rate was used for UAN, resulting in 3 treatments in each phase (Table 1) .
Study site
Field plots were established at Iowa State University's Agronomy and Agricultural Engineering Research Farm in Boone, Iowa (Lat. 42.0211, Long. 93.7742) , with pre-existing pattern tile drainage ( Fig. 1 ). Pattern tile drains spaced at 36.6 m and 1.22 m deep were installed in 1961. The study plots were used for various research studies from 1970 to 1984, with the subsurface tiles being intercepted to create plots specifically established for research (Baker et al., 1975; Baker and Johnson, 1981; Chinkuyu et al., 2002; Kanwar et al., 1988) . From 1970 to 1972, the tiles at plots 4 and 5 (1970) and 6 and 7 (1972) were intercepted, and sumps installed for a study by Baker et al. (1975) . At that time, plot 6 extended beyond the southwest terrace, and the tile was intercepted outside of the current plot border. Plot 6 was reconfigured and intercepted within the current plot border in 1984 (Kanwar et al., 1988) , while the tiles at plots 2 and 3 were also intercepted for the Kanwar et al., (1988) study in 1984. Plots 1, 8, 9, 10, and " Check" were established (tile lines intercepted) prior to the 1998 study initiation.
Overall, the study site includes 10 conventional till plots (ranging from 0.19 to 0.47 ha) that received either fertilizer or poultry manure, and one conventional till check plot that received no fertilizer or poultry manure. Plots 6 (UAN plots, Fig. 1 ) did not actively flow throughout the study period, and therefore was only included in crop yield, TEA, and soil quality analyses. Plot 9 was excluded from all analysis except soil quality because it did not actively flow and lysimeters present in the plot led to discrepancies in reported yields over the long term study. The research plots are located in the Des Moines Table 1 Overview of the 20 year study. Manure and fertilizer were applied in the spring on an N basis, with manure applied at two rates during each phase: one at the agronomic recommended application rate for either corn-soybean (CS) or corncorn (CC) rotation. Treatments are referred to as PM-CS and PM2-CS for the single and double application rates during the CS phase, and PM0.5-CC and PM-CC for the half and single application rates during the CC phase. The UAN treatment remained at recommended application rate throughout the study, and is referred to as UAN-CS or UAN-CC for respective phases of the study.
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Lobe region, representing the latest extent of glaciation in Iowa, which occurred between 18,000 and 15,000 years ago. Soils are a Canisteo-Clarion-Nicollet association (Chinkuyu, 2000; Chinkuyu et al., 2002) , with approximately 46% Nicollet loam, 42% Clarion loam, 9% Harps clay loam, and 3% Canisteo silty clay loam, with the major soils classified as poorly or somewhat poorly drained (United States Department of Agriculture-Soil Conservation Service (USDA-SCS), 1981).
Manure and fertilizer application rates
Manure and fertilizer were applied in the spring on an N basis, with manure applied at two rates during each phase: one at the agronomic recommended application rate for either corn-soybean (CS) or corncorn (CC) rotation, with 168 kg N ha −1 (CS phase) or 224 kg N ha −1 (CC phase); and either at double application rate of 336 kg N ha −1 (CS phase) or at half application rate of 112 kg N ha −1 (CC phase). UAN was applied as a control at the agronomic recommended application rate, with 168 kg N ha −1 (CS phase) or 224 kg N ha −1 (CC phase).
A composite manure sample was analyzed for nutrients (nitrogen (N), phosphorus (P), potassium (K)) content prior to field application every year, so that the manure application rates required to meet targeted N application rates could be estimated. Due to the heterogeneous nature of poultry manure, which has been reported to have high nutrient variability (Harmel et al., 2011; Hoover et al., 2015) , manure samples were collected from each plot during manure application and re-tested to obtain the actual N application rate to respective plots. A 5% loss of N at application was assumed, with 60% N available for plant growth. P and K were assumed to be 80% and 90% available (Iowa State University (ISU) (ISU) Extension, 2008). A summary of field activities, growing conditions, manure analysis, and application rates during the study period are presented in TableSI 1.
Sample collection and analysis
Crop Yield Corn and soybeans were harvested after crops reached maturity and grain moisture content had decreased. Multiple passes were completed in each plot for grain harvest, with the average values reported for crop yields. Grain moisture contents were measured, either through grain analysis immediately after harvest or at time of harvest (HarvestMaster, Juniper Systems, Inc.). Reported yield values are corrected for moisture contents of 15.5% for corn and 13.0% for soybeans.
Soil Shallow soil samples (0-15 cm) were collected from all plots in the spring and/or fall of most years (TableSI 2). Deep core soil samples (0-120 cm) were collected during 1998 -2003 , 2007 , 2012 . Composite samples from each plot were analyzed at five depths (0-15, 15-30, 30-60, 60-90 , and 90-120 cm) for cropavailable phosphorus using the Bray P extraction method and NO 3 -N extracted with 2 M KCl; both extracts were analyzed on a Lachat 8000 flow-injection analyzer (Hach Co., Loveland, CO, USA) at Iowa State University's Soil and Plant Analysis Laboratory (SPAL). Mehlich-3 extractable P, Ca, Al, K and Fe were analyzed via inductively coupled plasma-atomic emission spectroscopy (ICP-AES) on a Spectro Ciros CCD ICP-AES (Ametek Co., Kleve, Germany) at SPAL. Soil pH was measured on a 1:1 soil:water slurry using a Accumet Orion Ross pH meter (Thermo Fisher Scientific, Pittsburg, PA, USA), and organic matter was measured using high temperature combustion on a LECO Truespec CN analyzer (LECO Corp., St. Joseph, MI, USA), also at SPAL.
Additional samples were collected in October 2017, at the conclusion of the long-term study, to evaluate soil health properties after 20 years of treatment. Four 3-inch diameter Uhland cores were collected randomly from each plot to a depth of 6 inches. The cores were evaluated for the following soil health characteristics: bulk density, total soil carbon (C) and nitrogen (N), particulate organic matter (POM) content, POM C and N, and aggregate size distribution. Throughout the study period all plots except the check (Ck) plot were amended with poultry manure or UAN fertilizer. Plot 6 did not have subsurface flow and was only included in the yield, TEA, and soil analyses. Plot 9 was excluded from all analyses except soil quality.
Samples were placed in sealed plastic bags and kept cool until transported to the laboratory, where they were held at 4°C until further processing could occur. In the laboratory, the total mass of the soil sample was recorded and passed through an 8-mm sieve (Arshad et al., 1996) . Bulk density was calculated using the soil mass dried for 24 h at 105°C and the volume of the field sample (Grossman and Reinsch, 2002) . A portion of the 8-mm sieved sample was set aside to air-dry for aggregate size distribution analysis, while a second portion of the 8-mm sieved sample was passed through a 2-mm sieve before being air-dried for POM and total C and N content. Total C and N was performed using high temperature combustion (LECO Corp., St. Joseph, MI, USA) at the Kansas State University (KSU) Soil Testing Laboratory.
Soil POM (> 0.053 mm) was separated from whole soil according to Cambardella and Elliot (1992) and the mineral fraction (< 0.053 mm) retained for C and N analysis at KSU. The soil POM fraction was analyzed using the weight-loss-on-ignition method (Cambardella et al., 2001) . POM C and N was calculated by subtracting the C and N content of the mineral fraction from the total soil C and N. Aggregate size distribution, using a modification of Cambardella and Elliot (1993) , was determined on a 100 g subsample of the 8-mm sieved air-dry soil, capillary-wetted overnight to field capacity plus 5%, then wet-sieved for 10 min using 2 mm, 1 mm, and 0.21 mm sieves. Aggregate samples were dried for 24 h at 60°C, then corrected for sand content as reported by Marquez et al. (2004) .
Water Drainage samples were collected during active flow from 1998 to 2017, with start and end dates varying from year to year (TableSI 3). Seasonal drainage flow generally started in early April to mid-May, and ended by early July to late August. Tile drainage samples and flow volume measurements were collected weekly during most years of the study, with an additional sample collected occasionally during periods of high tile flow. Subsurface drainage flow was monitored from 1998 to 2014, as the site encountered underground electrical issues after 2015. The monitored plots were equipped with a HOBO Pendant Event Data Logger connected to a Trion water meter register. The logger recorded a time stamp with each switch closure every time 1 ft 3 of water passed through the Neptune T-10 water meter. A metered sampled was routed into a 20 L plastic jug for flow weighted sample collection. Equipped plots included each of the manure treated plots and two UAN treated plots; drain flow and samples were not collected from plots 6 and 9 throughout the study.
Different sample analytical methods were used during this 20-year study period due to advancement of analytic technologies, as well as changes in research personnel. Although the analytical instruments were different, the chemistries used for analysis are very similar. Drainage water samples collected from the monitored plots from 1998 to 2011 were analyzed for NO 3 -N and PO 4 -P on a Lachat 8000 flowinjection analyzer (Hach Co., Loveland, CO, USA) at Iowa State University's Agricultural and Biosystems Engineering Water Quality Research Laboratory (WQRL) with a detection limit of 0.01 mg NO 3 -N L −1 and 0.001 mg PO 4 -P L −1 (Lachat Instruments, 2014). Beginning in 2012 and continuing through the end of the study, NO 3 -N and PO 4 -P samples were analyzed using an AQ2 discrete autoanalyzer (Seal Analytical Inc., Mequon, WI, USA). NO 3 -N + nitrite (NO 2 -N) was analyzed following AQ2 method EPA-114-A, Rev. 7 (equivalent to US EPA method 353.2 Rev. 2), with detection limit of 0.03 mg NO 3 -N L −1 . Due to soil pH and organic matter levels present at the site (unpublished data), NO 2 -N concentrations in the drainage water samples were assumed to be at least two orders of magnitude less than the NO 3 -N concentration (Van Cleemput and Samater, 1996) ; thus all concentrations are reported as NO 3 -N. PO 4 -P was analyzed using AQ2 method EPA-118-A Rev. 5 (equivalent to US EPA Method 365.1, Rev. 2.0). The detection limit for PO 4 -P with this method is 0.002 mg P L −1 .
Data analysis
As described above, soil, tile, and crop yield data was collected from 10 plots: PM2/PM (CS/CC phase) consisted of plots 1, 3, and 7; PM/ PM0.5 consisted of plots 2, 5, and 10; and UAN consisted of plots 4, 6, 8, and 9. We would like to highlight again that no flow was observed in plots 6 and 9, and therefore these two plots were excluded in tile NO 3 -N and PO 4 -P statistical analysis. Tile NO 3 -N and PO 4 -P concentrations were normalized to annual flow-weighted averages. In some years when flow data was not available due to persistent equipment failure (TableSI 3), annual average tile NO 3 -N and PO 4 -P concentrations were used.
Because repeated measures were made over the 20-yr period, MIXED model analysis was conducted to determine statistical differences of the following data between treatments. The analyzed data included corn and soybean yields, soil NO 3 -N and PO 4 -P concentrations, and drainage NO 3 -N and PO 4 -P. The number of samples collected each year is also included in TableSI 3. Treatment, year and, treatment*year were treated as fixed effects, while plot was treated as a random effect in the MIXED model. Soil health analyses were tested with ANOVA using post-hoc Tukey-Kramer HSD tests to compare means between treatments. For all ANOVA and MIXED model analyses, α = 0.05 was used except yield where α = 0.10 was used to match previously published results (Nguyen et al., 2013) . All MIXED model ANOVA analyses were checked for normal distribution, and if needed, appropriate transformation (e.g. log 10, Box-cox) were made. All statistics were performed using the JMP Pro v. 13.0 statistical software package (SAS Institute, Inc., Cary, NC, USA).
Techno-economic analysis
A techno-economic analysis (TEA) was conducted to evaluate the cost-benefit between three fertilizer treatments on corn-soybean (2000-2009) and continuous-corn (2010-2017) plots. Production cost data for the first two years of CS phase (1998) (1999) were not available, and were not included in TEA. Each TEA model was developed for CS and CC phase separately, to account for the slight differences in input cost components (TableSI 4). The models provided annual estimates for total production cost per kg of corn or soybean ($/kg) and revenue per dollar of input ($/$).
The annual estimated costs of crop production ($/ha) were obtained from ISU Extension and Outreach -Ag Decision Maker (Plastina, 2018) , and the breakdown of cost components is detailed in TableSI 4. The costs were selected based on the column with highest expected yield (i.e. column to the far right) as suggested by the superintendent at the ISU Research Farms (Mike Fiscus, personal communication, 2018) . The annual total production cost per acrewas then calculated for each crop, with fertilizer and manure cost shown separately (TableSI 5). The application cost for each fertilizer and application rate is also provided in the same table. Manure prices were calculated by adding the values of nitrogen, phosphorus, and potassium contents based on results from manure nutrient analysis. The N (55%), P (80%), and K (90%) availabilities are recommended values for poultry manure that is broadcasted, and incorporated within 12-96 h (Koehler and Lazarus, 2018) . As P and K contents are considered "excessive" for row-crop farmers, these percentages were adjusted to 55% (N), 60% (P), and 60% (K) in the manure price calculation (Dan Andersen, personal communication, 2018) . Manure prices may vary based on local market conditions, which may depend on the intensity of poultry facilities relative to surrounding acres of row-crop farms. Meanwhile, the UAN fertilizer prices were obtained from Official Nebraska Government Website (State of Nebraska, 2014 Nebraska, ,2016 . Soybean plots during corn-soybean rotation years received neither manure nor UAN, and therefore fertilizer costs were not included in the total production costs for soybean.
In addition, the annual revenue was calculated by simply multiplying the average yield of each treatment and crop price. The annual crop price (TableSI 6) was obtained from ISU Ag Decision Maker (Johanns, 2018) , and average price of calendar-year and marketingyear was used. N.L. Hoover, et al. Journal of Environmental Management 252 (2019) 109582 The annual total production cost per kg of corn or soybean was calculated by dividing total cost per ha ($/ha) by actual yield (kg/ha) observed in our plots. Revenue per dollar of input (RPI) was determined by calculating the ratio of total revenue ($/ha) and total costs ($/ha). Although soybean plots did not receive fertilizer, these plots still benefited from the fertilizer application when corn was planted. Therefore, in the RPI analysis during CS rotation years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) , the total annual production costs and total annual revenues of both corn and soybean were combined.
Results and discussion
Manure application
The well-documented heterogeneity of poultry manure nutrient content often leads to difficulties in meeting target application rates (Harmel et al., 2011) . In phase 1 of this study, the average N application rates were 177 and 353 kg N ha −1 (Hoover et al., 2015) for PM and PM2 treatments, respectively. During phase 2, the average N application rates were 211 ( ± 28) and 445 ( ± 79) kg N ha −1 , for 0.5 PM and PM treatments, respectively, which correlated to estimated Plant Available Nitrogen (PAN) values of 120 ( ± 16) and 254 ( ± 44) kg N ha −1 . The PM0.5 treatment was slightly above the target application rate of 112 kg N ha −1 , while the PM treatment was above the target CC recommended application rate of 224 kg N ha −1 (TableSI 1).
In phase 1 of this study, the average P application rates were 96 ( ± 60) kg P ha −1 or 220 kg ha −1 P 2 O 5 for PM-CS treatments; and 175 ( ± 100) kg P ha −1 or 401 kg ha −1 P 2 O 5 for PM2 treatments. During phase 2, the average P application rates were 109 ( ± 54) or 250 kg ha −1 P 2 O 5 for PM0.5 treatments; and 246 ( ± 140) kg P ha −1 or 564 kg ha −1 P 2 O 5 for PM-CC treatments; PM treatments, respectively (TableSI 1). Recommended P application varies as a function of soil P levels, and with crop production. Phosphorus applications rates of 45-90 kg P 2 O 5 ha −1 (40-80 lbs/acre P 2 O 5 ) is recommended for soils testing from optimum to very low for soybean production, and 65-112 kg P 2 O 5 ha −1 (58-100 lbs/acre P 2 O 5 ) for corn grain production. Phosphorus application is not recommended for soils testing high to very high in P (ISU Extension, 2013).
Soil N and P
Previous studies have identified increases in residual soil N and P. Harmel et al. (2011) measured increased soil N and P in response to treatment rate after seven years of annual turkey litter application. Gascho and Hubbard (2006) reported increased soil P in sandy soils after seven years of broiler manure application. Soil NO 3 -N concentrations were evaluated in the topsoil (0-30 cm) and from 0 to 120 cm depth to compare soil NO 3 -N leaching potential between treatments. Soil samples collected during the fall season were used in this comparison because it is more representative of the NO 3 -N remaining in the soil after the period of active crop nutrient uptake. . While a soil NO 3 -N sample on a single sample date may only be a snapshot of the concentrations at that specific time, due to NO 3 -N residual in the soils susceptibility to leaching during rainfall events in the fall and during snow melt events in the spring, the long term average of samples collected in this study provide valuable comparisons of potential NO 3 -N accumulation with repeated manure or UAN application. In the CS phase, significantly greater soil NO 3 -N concentrations were observed in PM2-CS compared to PM-CS across nearly the entire soil profile (0-120 cm, excluding 60-90 cm). This showed that over application of manure, and theoretically any other fertilizers, may result in excessive NO 3 -N residual in soil after the crop growing season, thus increasing the potential for NO 3 -N loading into downstream waters. PM2-CS also exhibited significantly higher (p < 0.05) NO 3 -N concentrations than UAN-CS, but only in the shallow soil profile (0-30 cm). In comparison to manure and commercial fertilizer at the same application rate, PM-CS had the advantage of having significantly lower (p < 0.05) NO 3 -N concentrations than UAN-CS at most soil depths (15-60 cm, 90-120 cm). In the CC phase, significant differences were detected between treatments in the deeper soil profile (> 30 cm), except for PM-CC versus UAN-CC which NO 3 -N concentration remained similar across all depths. We did not observe the same results in PM-CC versus UAN-CC as we observed in PM-CS versus UAN-CS, which was likely because of the high manure application history in PM-CC plots (i.e. PM-CC was PM2-CS from 1998 to 2009). Both PM-CC and UAN-CC had significantly greater (p < 0.05) soil NO 3 -N concentrations than PM0.5-CC from 30 cm to 120 cm.
In most corn and soybean fields, N must to be applied annually to meet crop requirements, while P replenishment can be omitted for a few years without affecting yields. Since manure was applied based on crop N requirements and manure typically has relatively high P content, excessive soil P levels are expected in manure-fertilized farms. As we reported previously, significantly higher (p < 0.05) topsoil (0-15 cm) PO 4 -P concentration was observed in PM2-CS than PM-CS, followed by UAN-CS during the CS phase (Hoover et al., 2015) . Similarly, In the CC phase, topsoil (0-30 cm) PO 4 -P concentration in PM-CC was significantly higher (p < 0.05) than PM0.5-CC. UAN-CC had the lowest topsoil (0-30 cm) PO 4 -P concentration among all treatments. Over the entire study period, the topsoil PO 4 -P concentrations for the manure plots (PM-CS and PM2-CS) were considerably higher than the initial measured values, with P values in the high to very high range, thus indicating that additional P application was not recommended (Fig. 2) . Increasing trends were observed in topsoil PO 4 -P concentrations in both high PM (PM2-CS, PM-CC) (R 2 = 0.95) and low PM (PM-CS, PM0.5-CC) (R 2 = 0.90) treatments, while UAN treatments had a decreasing trend (R 2 = 0.80). P and K were applied to UAN-CC plots in spring 2015, but fall 2017 soil P levels remained low (0-15 cm), with P levels increasing from 10.7 ppm in 2012 to 16.3 ppm in 2017 (TableSI 7). These results are consistent with other studies that have shown a buildup of P when poultry manure is applied at N rates (Maguire et al., 2008) . However, there was no significant difference in soil P concentrations between treatments after 60 cm depth, suggesting that there is limited movement of phosphorus below the topsoil. Sorption studies on similar soils have been conducted (Hongthanal et al., 2011) indicating a maximum sorption capacity of 667 ppm PO 4 -P for a finesilty, mixed, superactive, mesic soil. Although a buildup of P was observed, an increased risk of transport to tile drainage was not observed (below), suggesting the soils in this study have not exceeded their maximum sorption capacity.
Soil health
There were no significant differences in total soil C and N content among treatments (Table 2) , but the mean C and N content trends are highest in the high PM plots, followed by the low PM (PM-CS and PM0.5-CC) plots, and lowest in the UAN plots. Total C is important for increasing soil cation exchange capacity. In the soil types that predominate the site, most of the total soil C is organic C, thus referred to as SOC. Short-term trends in SOC accumulation, on the scale of years to several decades, can be difficult to quantify (Clark et al., 2017; Ontl et al., 2015) .
Particulate organic matter (POM) is considered an important soil quality indicator variable because of its ability to stabilize soil particles, which minimizes erosion, increases infiltration and water-holding capacity, and reduces the negative environmental effects of pollutants. It is sensitive to changes in soil management practices such as manure application (Cambardella and Elliot, 1992; Wander, 2004) , and increases in POM are able to be quantified in the short term, whereas increases in SOC may not (Marquez et al., 1999) . The amount of POM present in the soil on a g/kg basis was significantly greater in the poultry manure treated soils when compared to the UAN plots ( Table 2) . The amount of carbon contained within the POM fraction is also significantly greater in the poultry manure treated soils versus the UAN plots. The percentage of C contributed by POM to the whole soil organic C pool is significantly greater in poultry manure treated soils than in UAN soils; however, the high PM treatment is not significantly different from the low PM treatment. The percentage of N contributed by POM to the whole soil N pool is not significantly different among treatments, but the low poultry manure treatment had a significantly greater amount of N within the POM on a g/kg basis relative to the UAN plots.
There were no significant differences in bulk density among any of the treatments. Macroaggregates are important in water infiltration, root penetration, C storage, and soil aeration (Tisdall and Oades, 1982) ; measuring macroaggregates can reveal short-term responses of SOC additions, such as those contributed by poultry manure (Puget et al., 2000) . In particular, the largest macroaggregates (> 2 mm) aid the most in water infiltration (Arshad et al., 1996) , and smaller macroaggregates tend to store C (Six et al., 2000) . There were no significant difference between the poultry manure treatments and the UAN treatment, but the poultry manure treatments on average had 4% more total macroaggregates, and 6% more large soil macroaggregates (Table 2) . Nguyen et al. (2013) reported significant corn (PM2-CS > PM-CS=UAN-CS) and soybean (PM2 > PM > UAN) yield differences with treatment, with the highest yields (11.1 Mg ha −1 corn; 3.5 Mg ha −1 soybean) measured with PM2-CS treatments and lowest yields (9.7 Mg ha −1 corn; 2.8 Mg ha −1 soybean) with UAN-CS treatment. The early yield data was thoroughly re-evaluated for reporting of the longterm data, which resulted in updated reported yield values for the CS phase. Due to discrepancies in recorded plot 9 (UAN plot) yield measurements, plot 9 yield data was excluded from the long-term analysis. This subsequently increased the average value for the UAN-CS crop yields to 10.2 Mg ha −1 (corn) and 3.0 Mg ha −1 (soybean), now indicating an insignificant increase in average corn yields with UAN-CS compared to PM-CS (10.0 Mg ha −1 ) plots. Updated analysis confirms significant (p > 0.10) differences between treatments in corn (PM2-CS > PM-CS=UAN-CS) and soybean (PM2-CS > PM-CS=UAN-CS) yield with treatment. Although not significantly different, PM-CS soybean yields (3.3 Mg ha −1 ) were higher than UAN-CS. Multiple factors likely impacted the improved soybean yields observed with poultry manure applications, including additional phosphorus, micronutrients, and organic matter. Only a small increase in soybean yield was observed when manure was applied at double the agronomic N rate prior to corn planting (PM-CS vs PM2-CS) suggesting residual phosphorus and micronutrients exceed soybean crop needs with PM2-CS application.
Crop yields
In the CC phase (2010-2017), statistically different (p < 0.10) corn 
Table 2
Comparisons were made between the plots historically treated with "low poultry manure" (PM-CS and PM0.5-CC), plots treated with "high poultry manure" (PM2-CS and PM-CC), and plots treated with UAN. Results are mean (standard deviation in parentheses) of total soil carbon, total soil nitrogen, C:N ratio, mean particulate organic matter (POM), POM carbon content, POM nitrogen content, POM carbon to soil organic carbon ratios, POM nitrogen to total soil nitrogen ratio, percent total (> 0.21 mm) and large (> 2 mm) soil macroaggregates. Significantly different parameters at α = 0.05 are denoted by different letters. Hoover, et al. Journal of Environmental Management 252 (2019) 109582 yields were observed between all treatments (PM-CC > PM0.5-CC > UAN-CC). PM-CC (10.0 Mg ha −1 ) had the highest average yields, and followed by PM0.5-CC (9.0 Mg ha −1 ) and UAN-CC (8.0 Mg ha −1 ). P and K were applied to the UAN plots in spring 2015. This observation is similar to other studies that compared corn yields using poultry manure and commercial fertilizers (Harmel et al., 2008; Lin et al., 2018; Wortman et al., 2011) ; and thus shows a consistent and promising positive impact of manure application on corn yields. Phosphorus and micronutrient availability, and modest improvements in soil health (including POM, POM-C, and POM-N) from long-term manure amendment may have contributed to the measured increased yields. A 21-year study by Maeder et al. (2002) also indicated lower input requirements for crop response with manure application compared to inorganic fertilizer.
Tile N and P concentration
Another important factor for consideration in assessing the impact of poultry manure on agro-ecosystem is water quality. As previously reported, PM2-CS (25.6 mg N L −1 ) exhibited the highest average annual flow-weighted tile NO 3 -N concentrations compared with PM-CS (16.2 mg N L −1 , p < 0.01) and UAN-CS (19.3 mg N L −1 , p = 0.09) treatments (Nguyen et al., 2013; TableSI 7) . Although UAN-CS resulted in higher NO 3 -N concentrations compared to PM-CS, this difference was not significant (p = 0.12). When comparing manure and UAN at the similar N application rates (PM-CS vs UAN-CS), the PM-CS demonstrated an advantage with lower average tile NO 3 -N concentrations. Furthermore, when increasing the manure application rate to double the recommended agronomic rate, the average NO 3 -N concentration (PM2-CS) only increased by 32% when compared to UAN treatments. This could be attributed to the increased soil POM, and subsequently greater water and nutrient holding capacity. Our previous work (Nguyen et al., 2013) reported that NO 3 -N loss was positively correlated with tile flow (R 2 = 0.691) regardless of treatment. The study also reported that the seasonal NO 3 -N export patterns were similar among treatments with greater losses occurring during the early stages of crop growth.
During the CC phase, the average annual flow-weighted tile NO 3 -N concentration was greater in PM-CC (33.6 mg N L −1 , p < 0.01) and UAN-CC (36.1 mg N L −1 , p < 0.01) than in PM0.5-CC (12.5 mg N L −1 ) treatments. Similar to the results in CS phase, there was no statistical difference (p = 0.48) between PM-CC and UAN-CC treatments, when the N was applied at the same recommended agronomic rate. Likewise, the average NO 3 -N concentration was higher in UAN-CC than in PM-CC treatments. Interestingly, the average NO 3 -N concentration in PM0.5-CC was reduced by more than half: 63% and 65% lower than PM-CC and UAN-CC treatments, respectively, when manure was applied at half of the recommended agronomic rate. In addition, as described in the crop yield section, the average corn yield observed in PM0.5-CC was significantly greater than UAN-CC treatments despite the lower N application rate using manure. This demonstrated the environmental benefit from reduced NO 3 -N leaching of using manure over UAN fertilizer. All annual flow-weighted average NO 3 -N and PO 4 -P tile concentrations are presented in TableSI 8. (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) , while the right side shows the corn production cost during continuous-corn years (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) . Each phase consisted of three different fertilizer treatments: PM (manure applied at crop agronomic recommended N rate); PM0.5 or PM2 (manure applied at half (CC phase) or double (CS phase) recommended N rate); and UAN (28% Urea-ammonium nitrate applied at recommended N rate). N.L. Hoover, et al. Journal of Environmental Management 252 (2019) 109582 There were no statistical differences (p > 0.10) or linear trends (p > 0.05) in tile PO 4 -P concentrations between all treatments in both CS and CC phases, except for PM-CC vs UAN-CC (p = 0.08). The average of CS phase annual flow-weighted PO 4 -P concentrations for PM2-CS, PM-CS, and UAN-CS were 0.016, 0.009, and 0.010 mg P L −1 . During CC phase, the average PO 4 -P concentrations for PM-CC, PM0.5-CC, and UAN-CC were 0.020, 0.016, and 0.007 mg P L −1 . Results show that the difference in treatments is likely to have minimal impact on tile PO 4 -P concentrations and the movement of PO 4 -P thorough the soil profile and into drainage is also minimal. In the earlier phase of this long-term study, Chinkuyu et al. (2002) reported that annual PO 4 -P losses (kg ha −1 ) through tile drainage was only 7.8 and 13.1% of the total PO 4 -P losses, respectively in PM-CS and PM2-CS plots. This is supported by historical data that the majority of P losses to surface waters occurs through surface pathways. Here, the increasing topsoil P concentrations between treatments has potential to impact downstream water quality through surface runoff. However, manure application also increases the water infiltration rate, thus reducing surface runoff volume. Future study should consider evaluation of both surface and subsurface P movement to understand the impact of different fertilizer treatments on surface water quality in heavily tile drained areas of the Upper Midwestern U.S.A.
Techno-economic analysis
Finally, as farm-level decisions are driven by economic factors, a TEA was used to compare impact of poultry manure application on farm profit. During the CS phase (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) , the production costs per kg of corn in both manure plots (PM-CS-corn, PM2-CS-corn) were generally higher than UAN treatments (UAN-CS-corn) in most years (Fig. 3) . Production costs are related to crop yields. The 10-year average production cost per kg of PM-CS-corn, PM2-CS-corn, and UAN-CS-corn was $0.118, $0.122, and $0.108 respectively. We observed higher cost per kg in PM-CS-corn because the UAN-CS-corn (10.2 Mg ha −1 ) plots had higher average yield than PM-CS-corn (10.0 Mg ha −1 ), while the average total production cost for UAN-CS-corn ($1114/ha) was lower than PM-CS-corn ($1182/ha). Although we observed higher average yield in PM2-CS-corn (11.1 Mg ha −1 ) than UAN-CS-corn, PM2-CS-corn had higher average production cost ($1394/ha) than UAN-CS-corn because of the higher costs associated with manure application at double the crop agronomic recommended rate (TableSI 5).
In contrast, the production costs per kg of soybean in both manure plots (PM-CS-soy, PM2-CS-soy) were consistently lower than the UAN plots (UAN-CS-soy) (Fig. 3) . The 10-year average production cost per kg of PM-CS-soy, PM2-CS-soy, and UAN-CS-soy was $0.245, $0.237, and $0.281 respectively. This contradicts the result for corn production costs primarily because we did not incorporate fertilizer costs (manure or UAN) into the production costs of soybean. Nevertheless, unlike corn yields, we did observe higher average soybean yields in both PM-CS-soy (3.3 Mg ha −1 ) and PM2-CS-soy (3.5 Mg ha −1 ) than UAN-CS-soy (3.0 Mg ha −1 ).
An alternative way to examine the cost-benefit between fertilizer treatments is to compare the revenue generated for every dollar of input ($/$). Unsurprisingly, this comparison method had the same findings when considering the production cost per kg. The average revenue per dollar of input (RPI) of UAN-CS-corn (0.97) was higher than PM-CS-corn (0.88) and PM2-CS-corn (0.86), while PM-CS-soy (1.04) and PM2-CS-soy (1.09) had higher RPI than UAN-CS-soy (0.92). The RPI that has a value lower than 1.00 indicated that crop production cost was higher than revenue generated (i.e. farm losses money). This was likely because we estimated higher input costs per ha (see Materials and Methods) in our research farm, while our yields were lower than the anticipated yields (10 Mg/ha-11.1 Mg corn/ha; 3.2-3.8 Mg soybean/ ha) in an average conventional farm. Nevertheless, this relative comparison provides insight on the differences between fertilizer treatments.
In another approach to compare economic benefit between fertilizer treatments during corn-soybean years, we combined the total production cost per ha and total revenue per ha of corn and soybean from the same plots, and the RPI was calculated based on the combined input costs and revenues. This "combined" comparison approach is not suitable on production cost per kg basis because of the great differences in yield quantity between the two crop types, and no direct comparison can be made. In this comparison, we found no difference in the average RPI of both corn and soybean productions on UAN-CS (0.95) and PM-CS (0.95) treatments (Fig. 5) . Nevertheless, due to the variation in annual manure and UAN fertilizer prices, economic decisions should be made based on changes in manure and UAN prices. A sensitivity analysis of manure price on RPI is also provided in the last paragraph of this section. Although PM2-CS increased the yields of both corn and soybean, it is not likely an ideal option because of the slightly lower RPI (0.94) as compared to PM-CS.
During the CC phase (2010-2017), the differences in production cost per kg of corn between the three fertilizer treatments was more consistent than during CS phase. The average production costs were $0.221, $0.218, and $0.271 per kg of corn in PM0.5-CC, PM-CC, and UAN-CC respectively. This is because we observed consistently greater yields in PM-CC and PM2-CC than UAN-CC annually during the CC phase. This may due to long-term benefit from improved soil health since CS-phase, or simply due to the change in crop rotation. As shown in Fig. 3 , the UAN-CC generally had higher production cost than PM0.5-CC and PM-CC, except for 2016 where PM0.5-CC ($0.161/kg) had comparable production cost as UAN-CC ($0.160/kg). This is because of the higher (11.8 Mg ha −1 ) than the UAN-CC phase average yield (8.0 Mg ha −1 ) resulted from P and K amendment to all UAN plots in 2015. As P and K were only added during the last two years of this longterm study, it is difficult to estimate the amortization period of the initial costs needed for P and K application in the UAN plots. Nevertheless, we would expect a higher production cost than our estimation above for UAN treatment in 2016, and very likely to surpass the production costs for PM0.5 during and after 2016. This hypothesis is further supported by an observed slight decrease in corn yield (9.4 Mg ha −1 ) in UAN plots during 2017, when production cost for UAN had surpassed the PM0.5 treatments again. It should be noted that in 2013 and 2014 precipitation was below normal, and therefore much lower yields were observed across the study, thus explaining the spike in production cost per kg of corn for all treatments during these years (Fig. 4) .
As mentioned in the results and discussion section for CS rotation, a similar conclusion can be expected when comparing revenue generated per dollar spent. The average RPIs were 0.92, 0.92, and 0.80 for PM0.5-CC, PM-CC, and UAN-CC respectively. This demonstrated that corn production using manure treatments can potentially result in greater economic benefit when compared to UAN treatments. Again, the results may vary depending several factors such as UAN fertilizer prices, manure prices, local manure availability and other farm practices (e.g. soil potential, tillage method). The result is presented in Fig. 4 , and UAN-CC demonstrated lower profitability than PM0.5-CC and PM-CC. An economic analysis conducted by Harmel et al. (2008) demonstrated improved profitability with poultry litter applied at rates of 1-3 tons with supplemental inorganic N to a corn-corn-wheat rotation. The increased cost of litter at rates above 3 tons per acre greatly decreased overall profitability. Our manure application rates exceed the profitable application rates in the Harmel et al. (2008) study, while demonstrating similar profitability between all treatments during the CS phase and higher profitability with low and high PM treatments compared to UAN in the CC phase.
Although we did not observe a difference in RPI between manure (PM) and UAN treatments under corn-soybean rotation, we observed greater RPI on continuous-corn production under manure treatments than under UAN treatments in most years. In most cases, manure is applied locally to surrounding farms due to limitations on transportation costs. The increased RPI under manure treatments shows the potential to increase transport distance of manure from poultry facilities to farms, thus increasing the market potential for using manure as crop fertilizer. In addition, greater RPI using manure treatments, as compared to using UAN treatments, also provides better revenue assurance for continuous-corn producers when the manure or UAN fertilizer prices are volatile. To quantify the benefit of additional crop revenue generated from manure treated plots, we evaluated the impact of manure price ($/ton) on profitability of corn-soybean (CS phase) and corn (CC phase) production using manure treatments relative to UAN treatments. As shown in Fig. 5 , the horizontal solid and dashed lines represent the 10-year (2000-2009) and 7-year (2010-2017, except 2015) average RPI on corn and soybean production under the UAN treatment. The average manure price during each CS and CC phase was manipulated to estimate the highest manure price that would still allow an equal RPI using manure treatments when compared to UAN treatments. Since there was no difference in RPI between PM-CS and UAN-CS when actual manure prices were used, the increased in manure prices will only further reduce the RPI of PM-CS. This suggested that manure may not be economical feasible to be transported further (we assumed 20 miles in this analysis) for farm application under corn-soybean rotation, unless manure prices decreased or UAN prices increased in the future. However, the higher RPI of continuous-corn production under the manure treatments, relative to RPI of continuous-corn production under UAN treatments, may allow the crop producer to afford up to 50% higher manure price and breakeven when compared to the UAN application. More detailed calculations and year-to-year comparison of total crop production cost and RPI between manure and UAN treatments are in TableSI 9.
Summary and conclusions
A 20-year study found that long-term poultry manure application benefits crop yield, soil health, and farm economics. In a yield increase was observed during the CC phase, which can be attributed to improved soil quality, additional phosphorus, micronutrients, and organic matter after several years of continuous manure application. Greater POM was measured in manure-amended plots, which has been reported to reduce erosion, increase infiltration, and increase soil water-holding capacity. Drainage NO 3 -N concentrations were consistently lower from plots amended with poultry manure during both phases of the study, compared to UAN at the same agronomic rate. Poultry manure is an organic fertilizer source that benefits yield, soil health, and overall farm income, and thus can be viewed as a regionally marketable resource (Janzen et al., 1999) .
Repeated manure application led to accumulated topsoil (0-30 cm) soil P, which increased significantly over the study period. However, P did not mobilize into subsoils or appear to reach saturation. During the later phase of the study, higher PO 4 -P levels were reported in drainage from manure amended plots, but not at TP levels typically associated Fig. 4 . The left side of the figure shows the annual revenue gain per dollar of input during corn-soybean rotation years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) , while the right side shows the annual revenue gain per dollar of input during continuous-corn years (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) . Each phase consisted of three different fertilizer treatments: PM (manure applied at crop agronomic recommended N rate); PM0.5 or PM2 (manure applied at half (CC phase) or double (CS phase) recommended N rate); and UAN (28% Urea-ammonium nitrate applied at recommended N rate).
Fig. 5.
This figure presents the impact of manure price (10-year average during CS phase, 7-year average during CC phase) on revenue per dollar spent of manure treatments (PM0.5, PM, PM2) relative to UAN treatments (horizontal dotted (CC phase) and solid lines (CS phase)). with enhanced eutrophication. Future studies should consider the surface transport of nutrients in addition to the subsurface pathways. While poultry manure application did not increase subsurface transport of nutrients, this is likely a function of the fine-loamy calcareous soils of the Upper Midwestern U.S.A. which have extremely high capacity to sorb P (Hoover et al., 2015) . Concerns with phosphorus losses to drainage and surface runoff may be reduced by applying at lower Napplication rates and supplementing with chemical N fertilizers.
